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A B S T R A C T The roles of monocytes and T lymphocytes in the regulation of human peripheral blood erythroid burst-forming units (BFU-E) were studied in erythropoietin-containing plasma clot cultures of subpopulations ofhuman blood mononuclear cells. BFU-E growth was decreased significantly after depletion of monocytes alone (mean 11% of expected, range 0 to 42% of expected) or depletion of both monocytes and T cells (mean 6 .5% of expected, range 0.5 to 12% of expected) from mononuclear cells. T cell depletion did not impair BFU-E growth in vitro. Using 105 monocyteand T lymphocyte-depleted mononuclear cells as target cells (<1% monocytes, <5% T cells), BFU-E growth was restored to 40% of expected by addition of 104 monocytes, and to 96% of expected by 105 monocytes alone. Addition of as many as 2 x 105 T cells but no monocytes resulted in stimulation to only 34% of expected BFU-E growth. Addition of 2 x 104 T cells, which alone did not affect BFU-E growth, could augment significantly the stimulatory effect of [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] x 103 monocytes on BFU-E growth. Thus, monocytes alone appear to be capable of stimulating BFU-E growth in vitro in the presence of erythropoietin. T cells also may make small quantities of BFU-E stimulators. However, it seems more likely that the most important role of T lymphocytes in BFU-E regulation in vitro is a result of interactions with monocytes and augmnentation of monocyte production of stimulators of BFU-E growth.
INTRODUCTION
Considerable evidence exists that the early erythroid progenitor cells, the burst-forming units (BFU-E)', are not dependent on erythropoietin for their maintenance or proliferation in vivo (1) (2) (3) or in vitro (4, 5) . Several investigators have provided evidence for the existence of another regulatory protein for BFU-E in vitro, which has been termed burst-promoting activity (4, 6, 7) , burst-feeder activity (8) , erythroid-potentiating activity (9) , or lymphocyte mitogenic factor (10) . Regulators of murine BFU-E have been reported to be derived from unfractionated, mitogen-stimulated spleen cells (4), plastic-adherent radioresistant bone marrow mononuclear cells (8) , or adherent mouse peritoneal cells (macrophages) (11) . There has been a great deal of controversy regarding the cellular source of regulators of human BFU-E. Although some studies have suggested that T lymphocytes are required for BFU-E growth in vitro (10, 12) , other investigators have found that BFU-E growth in culture is not dependent on the presence of T cells (7, (13) (14) (15) . Monocytes and macrophages (adherent mononuclear cells) have been reported by several investigators to be critical for optimal growth of BFU-E in vitro (7, (16) (17) (18) . Also, there have been reports that unstimulated peripheral blood mononuclear cells (7, 16) , mitogen-stimulated mononuclear cells (5, 6, 16, 17) , unstimulated peripheral blood monocytes (7), unstimulated T lymphocytes (7), antigenstimulated T lymphocytes or mononuclear cells (10) , uinfractionated bone marrow cells (19) , aind a human T lymphoblast-derived cell line (9) may produce conditioned media containing BPA-like stimulator(s) of human BFU-E growth in vitro.
eral blood was obtained by venipuncture from normal human volunteers ranging in age from 21 to 54 yr. Blood was anticoagulated with preservative-free heparin, 10 U/ml of blood.
Isolation of cell populatiorns. Blood (20) . The mononuclear cells that were recovered from the interface above the Ficoll-Hypaque contained 15-28% monocytes and 72-85% lymphoid cells, with 58-70% T lymphocytes. Monocytes were identified by Wright-Giemsa and nonspecific (alpha-naphthyl butyrate) esterase staining (21) and sometimes by phagocytosis of zymosan or latex particles (22) . Disparity between WrightGiemsa and esterase staining techniques for counting monocytes was s3%. Lymphoid cells were identified by absence of homogenous esterase staining and by morphology on Wright-Giemsa staining. T lymphocytes were identified using the sheep erythrocyte rosetting technique (23 (26) .
RESULTS
BFU-E growth after depletion of both monocytes and T lymphocytes. In eight experiments, monocytes and T lymphocytes were removed from an aliquot of peripheral blood mononuclear cells, and BFU-E were assayed from unfractionated mononuclear cells and the monocyte-and T lymphocyte-depleted miononuclear cells, Results are shown in Table I . The expected number of BFU-E per 105 non-T lymphocyte, non-monocyte mononuclear cells was calculated as discussed above. BFU-E growth from the mononuclear cells that had been depleted of both monocytes and T lymphocytes consistently ranged from only 0.5 to 12% of expected (P < 0.005).
BFU-E growcth from monocyte-depleted mononiuclearcells. Monocytes were removed from peripheral Role of Mlon0ocytes anid T Cells in Regulation of Human Burst-forming Units "monocytes" or "T cells" alone. In these experiments, unfractionated mononuclear cells were cultured to determine the expected number of BFU-E in the population of mononuclear cells that had been depleted of monocytes and T cells. In the experimental groups, 5-10 x 104 monocyte-and T cell-depleted mononuclear cells were cultured alone and in the presence of 1-200 x 103 "monocytes" or "T lymphocytes." In addition, to rule out a BFU-E-enhancing or -inhibiting effect of sheep erythrocytes from the T cell separation procedure, sheep erythrocyte lysates were added to control cultures and were found to have no effect on BFU-E growth. As was shown in Table I , the number of observed BFU-E per 105 mononuclear cells or monocyte-and T cell-depleted mononuclear cells varied greatly among experiments. Therefore, the results of "monocyte" or "T cell" addition to the non-monocyte, non-T cell mononuclear cells in three to six experiments are expressed in Fig. 1 as percentage of expected numbers of BFU-E. Addition of as few as 104 "monocytes" to 5 x 104 or 105 monocyte-and T cell-depleted mononuclear target cells resulted in significant stimu- "monocytes" alone could correct completely the BFU-E growth deficiency induced by depletion of both monocytes and T lymphocytes, and as few as 104 "monocytes" resulted in a greater increase in BFU-E growth than did as many as 2 x 105 "T cells."
BFU-E growth aifter addition ofboth monocytes and T lymphocytes to mononuclear cells previously depleted of montocytes and T cells. Because low numbers of"monocytes" resulted in detectable stimulation of BFU-E, but high numbers of "T lymphocytes" were required to achieve similar degrees of BFU-E recovery, one possible explanation for the modest stimulation of BFU-E growth with higher T cell concentrations could be that 1-2% contamination of the "T cells" by monocytes provided a sufficient number ofmonocytes to produce BPA. Another possibility is that T lymphocytes could enhance the production ofBPA by the small number ofmonocytes contaminating the "T cells" orithat the Fig. 2 . With both concentrations ofp"T cells"bosed (2 x 104 and 1 x 104), the addition of increasing numbers of "monocytes" resulted in a sharp increase in BFU-E growth at low pr mmonocyte" nconcentrations and a more modest increase with addition of higher concentrations of monocytes. At the lower "monocyte" concentrations examined (5-20 x 103), the addition of 2 x 104 or 105 "T cells" resulted in substantial augmentation of BFU-E growth, whereas the additional stimulatory effect of"T cells" was less obvious when 5 x 104 "monocytes" were present in the cultures. Addition of varying quantities of monocytes plus 104 "T cells" did not stimulate BFU-E more than did the monocytes alone (data not shown). It should be noted that 2 x 104 "T cells" augmented the BPA-like effect of 5-20 x 103 added "monocytes," despite the fact that this concentration ofr"T cells," added alone to monocyte-and T cell-depleted mononuclear cellsm had no stimulatory effect on BFU-E growth (Fig. 1 Table I. which is a requirement for proliferation and differentiation of human granulocyte-monocyte-macrophage progenitors (CFU-GM) in vitro (27) (28) (29) (30) . It has been reported also that T lymphocytes are capable of producing colony-stimulating activity (31) (32) (33) . It would be of great interest to learn which, if either, of these cell types produce substances that play a role in the regulation ofother primitive hematopoietic progenitor cells.
The cellular source(s) of regulators of the primitive erythroid progenitors, BFU-E, is less well defined than those for CFU-GM. Burst-promoting activity (BPA), which is a proposed regulator of the proliferation and initial stages of differentiation of BFU-E, has been detected in media conditioned by unstimulated, mitogenstimulated, or antigen-stimulated unfractionated mononuclear cells (4-8, 10, 15-18) , monocytes or macrophages (7, 8, 11, 34) , or T lymphocytes (7, 9, 10, 12, 15) .
The present study using peripheral blood BFU-E confirms earlier reports that both peripheral blood and bone marrow BFU-E are dependent on monocytes or macrophages for optimal proliferation and differentiation in vitro (5, 7, 16, 17, 35) . In addition to the demonstration of marked impairment of BFU-E growth in the absence of monocytes (Tables I and II) , the current series of experiments demonstrates that the impaired BFU-E growth noted in the absence of both monocytes and T lymphocytes can be corrected by the replacement of relatively low numbers of monocytes alone (Fig. 1) . In two previous studies (12, 36) , removal of monocytes from peripheral blood mononuclear cells was reported to enhance BFU-E growth in vitro. However, in both of those studies, BFU-E growth in control cultures of unfractionated mononuclear cells (1-2 BFU-E/105 cells) was very poor in comparison with BFU-E growth usually reported (24.5±4.1 in the present study and a 10-30 BFU-E/105 cells in other studies reported in the literature). The poor BFU-E growth in the control cultures makes it impossible to interpret accurately the results of their experiments. Furthermore, the present studies and those of Lipton et al. (35) showed no evidence of inhibition of BFU-E even by monocyte concentrations as high as 2 x 105/0.5-ml culture.
The fact that very low numbers of "monocytes" (_104/culture) could stimulate BFU-E growth suggests strongly that monocytes are a major source of production ofBPA. In addition, because the "monocyte" populations used in these studies never were contaminated with >4% lymphocytes, contaminating T lymphocytes present even in cultures containing 2 x 105 "monocytes" always were considerably fewer than even the minimum number of T lymphocytes capable of stimulating BFU-E (Fig. 1) .
These experiments and previous reports of BPA in media conditioned by monocytes or macrophages (7, 8, 11, 35) suggest that monocytes are capable of producing all the BPA or other factors necessary for optimal proliferation and differentiation of human BFU-E in vitro. However, the possibility that T lymphocytes also are capable of producing small quantities of BPA has not been excluded. Some prior reports suggested that T lymphocytes were required for growth of primitive human BFU-E derived colonies in vitro (10, 12, 15) , but others (7, 13, 14) , as well as the present study, showed no dependence of BFU-E on T cells. The reasons for the discrepancies among these studies have not yet been determined.
Several studies have addressed the question of whether T cells could produce BPA. Golde et al. (9) have demonstrated production of BPA by a human T lymphoblast cell line. Nathan et al. (10) reported production of BPA (designated lymphocyte mitogenic factor) by tetanus toxoid-stimulated mononuclear cells. The BPA production in that experiment was attributed by these investigators to T cells. One particular problem with interpretation of the derivation of BPA in the studies of Nathan et al. (10) is that the medium that was tested for BPA certainly was a mixture of numerous products of both monocytes and lymphocytes (37) (38) (39) . Even if lymphocyte mitogenic factor can be demonstrated to be a product ofa subset ofT lymphocytes (40) , the cellular source of the factor(s) that stimulates BFU-E remains uncertain. Mangan and Desforges (12) reported the presence of BPA in supernates from mixed leukocyte cultures containing 5 x 106 "T cells" from each of two normal individuals. They attributed the BPA production to the T cells. However, even with as little as 1% monocyte contamination, these cultures contained at least 105 monocytes. In addition to the present studies, which demonstrated that very low concentrations of monocytes in the cultures could stimulate BFU-E, previous experiments from this laboratory demonstrated substantial quantities of BPA in media conditioned by only 105 monocytes/ml (7). In fact, Mangan and Desforges also noted that BPA production was the same in mixed leukocyte cultures in which both "T cell" populations were irradiated (2,000 rad) as it was in cultures with unirradiated cells. This lends further credence to the explanation that the BPA that stimulated BFU-E in their cultures of null cells could have been derived from the radioresistant contaminating monocytes rather than the T cells. Prior studies from this laboratory demonstrated BPA in media conditioned by 0.5-1 x 106 unstimulated "T cells"/ml (7); however, the BPA in those cultures also could have been a product of the contaminating monocytes. Thus, although it seems clear that monocytes are a source of BPA, the quiestion of whether or not normal T lymphocytes also are capable of producing BPA remains unanswered.
It is of great interest that concentrations of T lymphocytes, which produced no stimulation of BFU-E when added alone to culttures of monocyte-and T cell-depleted mononuclear cells, were capable of augmenting the stimulating effect of monocytes on BFU-E (Fig. 2) . Although the role of cell-cell interaction in the production of regulators of BFU-E has not been demonstrated previously, results of an earlier study from this laboratory suggested that media conditioned by both lymphocytes and monocytes together contained larger quantities of BPA than did media conditioned by comparable numbers of monocytes or lymphocytes alone (7) . It is well known that monocytes and macrophages play an important role in the mediation of mitogen-or antigenstimulated proliferation and activation of lymphocytes (37, 38, 41, 42) . Similarly, it has been demonstrated conclusively that products of lymphocytes can activlate monocytes and macrophages, resulting in increased production and release of numerous biologically active substances (43, 44 ). It appears that BPA production by monocytes also can be enhanced by lymphocytes or products of lymphocytes. Although the reverse relationship-monocyte enhancement of BPA production by lymphocytes-probably does not occur, these experiments have not ruled out that possibility completely.
The experiments presented here do not address the question of physiologic significance of BPA in vivo. Unfortunately, there is no good human model for a monocyte and macrophage deficiency state. However, such T lymphocyte deficiency disorders as DiGeorge's syndrome and severe combined immune deficiency help illuminate the importance of T lymphocytes in the maintenance of normal erythropoiesis and responsiveness to erythropoietic stresses. The absence of anemia other than the attributable to chronic and recurrent infections in patients with T lymphocyte deficiency speaks strongly against a major role for T cells in the regulation of BFU-E replication or the initial stages of BFU-E differentiation. Lipton et al. (15) argue that even if T cells are important in the regulation of primitive BFU-E, one would not expect a disturbance of basal erythropoiesis in patients with T lymphocyte deficiency because differentiation of the more mature BFU-E to erythrocytes is responsive to erythropoietin and does not require T cells or T cell products. A major fallacy in their argument is that the more mature BFU-E have a limited proliferative capacity when compared with the more primitive BFU-E (45) . Therefore, the lack of a substance necessary for replication and the initial differentiation steps of primitive BFU-E leading up to the more mature BFU-E would lead rather rapidly to a cessation or near cessation of even basal erythropoiesis. Lipton et al. also predicted that T cell deficiency would be expected to limit the ability to respond to erythropoietic stress. However, Schaller et al. (46) demonstrated that a patient with thymic alymphoplasia and autoimmune hemolytic anemia was able to increase erythropoiesis appropriately in response to severe anemia. If T cells actually are required for stimulation of BFU-E, the only way to account for these findings would be to propose that the small number of residual primitive precursors of T cells, which are unable to promote lymphoid differentiation (47, 48) , can promote normal erythropoiesis. Although it seems unlikely that these primitive T cell precursors can sustain normal and stress erythropoiesis, this possibility cannot be ruled out entirely.
In conclusion, the studies reported here demonstrate that monocytes, but not T lymphocytes are required for optimal human peripheral blood BFU 
